Austgen JR, Dantzler HA, Barger BK, Kline DD. 5-Hydroxytryptamine 2C receptors tonically augment synaptic currents in the nucleus tractus solitarii. The nucleus tractus solitarii (nTS) is the primary termination and integration point for visceral afferents in the brain stem. Afferent glutamate release and its efficacy on postsynaptic activity within this nucleus are modulated by additional neuromodulators and transmitters, including serotonin (5-HT) acting through its receptors. The 5-HT 2 receptors in the medulla modulate the cardiorespiratory system and autonomic reflexes, but the distribution of the 5-HT 2C receptor and the role of these receptors during synaptic transmission in the nTS remain largely unknown. In the present study, we examined the distribution of 5-HT 2C receptors in the nTS and their role in modulating excitatory postsynaptic currents (EPSCs) in monosynaptic nTS neurons in the horizontal brain stem slice. Real-time RT-PCR and immunohistochemistry identified 5-HT 2C receptor message and protein in the nTS and suggested postsynaptic localization. In nTS neurons innervated by general visceral afferents, 5-HT 2C receptor activation increased solitary tract (TS)-EPSC amplitude and input resistance and depolarized membrane potential. Conversely, 5-HT 2C receptor blockade reduced TS-EPSC and miniature EPSC amplitude, as well as input resistance, and hyperpolarized membrane potential. Synaptic parameters in nTS neurons that receive sensory input from carotid body chemoafferents were also attenuated by 5-HT 2C receptor blockade. Taken together, these data suggest that 5-HT 2C receptors in the nTS are located postsynaptically and augment excitatory neurotransmission. serotonin; electrophysiology; immunohistochemistry; autonomic nervous system; respiratory system; carotid body LOCATED IN THE DORSOMEDIAL MEDULLA, the nucleus tractus solitarii (nTS) is vital to the autonomic and respiratory systems.
these neurochemicals will strongly influence the initiation, maintenance, or efficiency of the visceral sensory reflexes.
Serotonin (5-hydroxytryptamine, 5-HT) modulates the central control of stress and thermoregulation, as well as cardiovascular, respiratory, and gastrointestinal systems (Browning and Travagli 1999; Jordan 2005; Morrison and Nakamura 2011; Nalivaiko and Sgoifo 2009; Raul 2003; Tache et al. 1995; Villalon and Centurion 2007) . The raphé nuclei serve as the primary origin of 5-HT neurons in the brain, and projections from the raphé serve as a major source of 5-HT to the nTS (Schaffar et al. 1988) . However, the nTS may also receive serotonergic input from cells within the nTS itself as well as the nodose ganglion, the location of visceral afferent cell bodies (Nosjean et al. 1990; Raul 2003) . Microinjection of 5-HT into the nTS and activation of its receptors elicit robust changes in blood pressure (Raul 2003) and breathing (Sessle and Henry 1985) . While numerous 5-HT receptors have been identified in the nTS, with several playing a functional role in cardiorespiratory and autonomic regulation, the 5-HT 2 receptor subtype has been a major focus of study (Comet et al. 2007; Raul 2003) . Depending on the receptor subtype, activation of the 5-HT 2 receptor family in nTS alters cardiorespiratory function and increases or decreases in vivo neuronal discharge (Comet et al. 2007; Sevoz-Couche et al. 2000a , 2000b , 2000c or in vitro signaling (Feldman 1995; Takenaka et al. 2011) . A potential excitatory role for 5-HT 2C receptors (5-HT 2C Rs) in the nTS has been suggested by studies illustrating that systemic administration of 5HT 2A/2C receptor agonists increases Fos expression, a neuronal activation marker, in the nTS (Cayetanot et al. 2001) . These studies support a potential role for 5-HT 2C Rs in the nTS, but as yet their impact at the synaptic level as well as their influence on sensory modalities are not fully understood. This work was undertaken to examine the localization of the 5-HT 2C R in the nTS and the role these receptors play in synaptic and membrane properties in monosynaptically driven nTS neurons. Previous portions of this work have been presented in abstract form (Austgen et al. 2011a ).
METHODS
Animals. Experiments were conducted according to the guidelines in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All procedures were approved by the University of Missouri Animal Care and Use Committee. Male Sprague-Dawley rats (Harlan, Indianapolis, IN; n ϭ 30) aged 3-5 wk were used. Animals were housed within an in-house animal facility on a 12:12-h day-night cycle with food and water available ad libitum. Room temperature and humidity were maintained at 22°C and 40%, respectively. This was followed by tissue incubation of the antibody-peptide cocktail for 48 h as above. Tissue sections not containing preabsorption peptide were also run in parallel. Specificity of other antibodies has been previously established: Sakakibara et al. 2008 (MAP-2) , Neuro-Mab (PSD-95), Hodges et al. 2011 (TPH) , the vendor indicated, and The Journal of Comparative Neurology Antibody Database (version 7). As an additional control, primary antibodies were also withheld from individual sections. The next day, sections were rinsed and either incubated for 2 h in PBS-Tx with a fluorescent Cy-conjugated secondary antibody or, for 5-HT 2C R, subjected to tyramide signal amplification according to the manufacturers' specifications (PerkinElmer) . Sections were then rinsed a final time, mounted onto gelatincoated sides, dried, and coverslipped with ProLong Gold mounting medium (Invitrogen, Carlsbad, CA) . Slides were sealed with nail polish.
Sections were examined with an Olympus epifluorescent spinning disk confocal system or a FluoView FV1000 confocal system. Each image set with multiple fluorophores was acquired in the same focal plane. Images were imported into Photoshop (v. 11.0.2, Adobe, San Jose, CA) or ImageJ, with image brightness and contrast adjusted for clarity.
Carotid body labeling. In a subset of animals (n ϭ 13), sensory afferent terminals originating from the carotid body chemoreceptors were identified in live brain slices through fluorescent labeling in horizontal nTS slices, as previously shown by us (Kline et al. 2002 (Kline et al. , 2010 and others (Accorsi-Mendonca et al. 2011; Zhang et al. 2008) . Rats were anesthetized with isoflurane (5% induction, 2-3% maintenance), their ventral neck region was cleared of hair, and the left carotid artery was exposed. After the carotid bifurcation was located, a small crystal of 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindocarbocyanine perchlorate (DiI; Invitrogen) was placed on the carotid body and fixed in place with Kwik-Sil (World Precision Instruments, Sarasota, FL). Care was taken to ensure that the DiI remained in place prior to incision closure. After closure of the neck, rats were treated postoperatively with Baytril (0.03 ml im; Bayer, Shawnee Mission, KS) and Buprenex (0.6 mg/ml sc; Reckitt Benckiser Pharmaceuticals, Richmond, VA). Anterograde transport of dye took place over the next 5 days. One potential limitation of this approach is that baroreceptorlike afferents may course near or through the carotid body to innervate blood vessels in the carotid body (Gonzalez et al. 1994) ; thus a small portion of the labeled chemoafferent-rich population may also contain such fibers. Brain slice electrophysiology studies were subsequently performed on this chemoafferent-rich population of cells.
In vitro brain slice preparation and electrophysiology. Rats were anesthetized with isoflurane and decapitated, and their brain stems were rapidly removed and placed into ice-cold low-Ca 2ϩ , high-Mg 2ϩ artificial cerebrospinal fluid (aCSF, in mM: 124 NaCl, 3 KCl, 1.2 KH 2 PO 4 , 1.2 MgSO 4 , 25 NaHCO 3 , 11 D-glucose, 0.4 L-ascorbic acid, 1 CaCl 2 , and 2 MgCl 2 , saturated with 95% O 2 -5% CO 2 , pH 7.4, 315-325 mosM). To generate horizontal slices that contain the nTS and the afferent-containing tractus solitarii (TS) in a single plane, a wedge of the ventral surface of the brain stem was removed and the resulting medulla was fixed ventral side down to the chuck of a vibrating microtome (Leica) with cyanoacrylate. Tissue slices (ϳ280 m) were cut from the dorsal surface of the brain stem, placed in the recording chamber, and secured with a nylon mesh harp. Slices were superfused at 3-4 ml/min with recording aCSF (in mM: 124 NaCl, 3 KCl, 1.2 KH 2 PO 4 , 1.2 MgSO 4 , 25 NaHCO 3 , 11 D-glucose, 0.4 L-ascorbic acid, and 2 CaCl 2 , saturated with 95% O 2 -5% CO 2 , pH 7.4, 315-325 mosM) at 33°C.
Neurons were identified with an Olympus BX51WIF microscope equipped with differential interface contrast (DIC), fluorescence and an infrared-sensitive camera (Retiga; Q-Imaging, Burnaby, BC, Canada). In sections with carotid body afferent labeling, fluorescent DiI-labeled boutons were visualized with a xenon lamp and a TRITC filter set (Semrock, Rochester, NY). All recordings were made from caudal nTS neurons. To record excitatory postsynaptic currents (EPSCs), recording electrodes (8250 glass, 3.5-4.5 M⍀; King Precision Glass, Claremont, CA) were filled with (mM) 10 NaCl, 130 K ϩ gluconate, 11 EGTA, 1 CaCl 2 , 10 HEPES, 1 MgCl 2 , 2 MgATP, and 0.2 NaGTP, pH 7.3, 295-300 mosM. In experiments in which we recorded miniature (m)EPSCs, tetrodotoxin (1 M) and gabazine (SR 95531 HBr, 25 M) were added to the bath. The recording pipette was guided with a piezoelectric micromanipulator (PCS-6000; Burleigh, Victor, NY). Neurons were voltage clamped (Ϫ60 mV) in the whole cell configuration. Evoked synaptic currents were generated by placing a concentric bipolar stimulating electrode (F. Haer, Bowdoinham, ME) on the TS and stimulating at a duration of 0.1 ms with an isolated programmable stimulator (AMPI, Jerusalem, Israel). Stimulation intensity was increased until an EPSC was evoked. Final TS intensity was set at 1.5 ϫ threshold and was stimulated at a frequency of 0.5 and 20 Hz (20 events, with intersweep interval of 10 s). A 5-mV step (Ϫ60 to Ϫ65 mV) following 0.5 Hz-evoked EPSCs was used to determine changes in membrane conductance (i.e., input resistance) of the cell. The resting membrane potential (RMP) of the cell was measured under current clamp with no holding currents (I ϭ 0). Data were recorded with a Multiclamp700B amplifier, filtered at 2 kHz, and sampled at 10 kHz with pCLAMP10 software (Molecular Devices, Palo Alto, CA).
Drugs. CP809101 (a 5-HT 2C R agonist; Tocris) and RS102221 (a 5-HT 2C R antagonist; Tocris) were used to examine the role of 5-HT 2C R in electrophysiological studies. CP809101 has Ͼ500-fold specificity for 5-HT 2C Rs over other 5-HT 2 subtypes (Sharman et al. 2011; Siuciak et al. 2007 ). RS102221 exhibits Ͼ100-fold selectivity for 5-HT 2C R over the 5-HT 2A and 5-HT 2B receptors (Bonhaus et al. 1997; Sharman et al. 2011 ). In addition, tetrodotoxin citrate (TTX; Tocris), and SR 95531 HBr (gabazine, GABA A antagonist; Tocris) were used in mEPSC protocols. Bath solutions were delivered by gravity feed from 60-ml reservoirs bubbled with 95% O 2 -5% CO 2 . Switching among solution reservoirs occurred by the use of pinch valve controllers (Warner Instruments, Hamden, CT). In a subset of cells, AMPA was applied locally to the cell with a picospritzer (Parker, Cleveland, OH). A glass recording pipette was filled with aCSF containing AMPA (1 mM; Tocris) and placed ϳ150 -200 m upstream from the recorded cell. AMPA was briefly applied (50 ms, 5-10 psi) to the cell. All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Data analysis. Relative differences in 5-HT 2C mRNA expression between nTS and nodose ganglia were evaluated with the ⌬⌬C T method (where C T is cycle threshold) (2 Ϫ⌬⌬CT ; Livak and Schmittgen 2001). This method allows the examination of the relative differences in mRNA expression between different conditions or tissues (Livak and Schmittgen 2001). C T values were obtained via Cepheid Smartcycler software. ␤-Actin served as our internal housekeeping gene. Electrophysiological data were analyzed with Clampfit software (Molecular Devices, Sunnyvale, CA). Cells with holding currents less than Ϫ50 pA and a RMP depolarized more than Ϫ45 mV upon initial membrane rupture were not considered for further analysis. Secondorder neurons were identified by jitter analysis, defined as the standard deviation of the TS-EPSC latency from the shock artifact (Doyle and Andresen 2001) . Neurons with jitter values below 300 s were considered monosynaptic and directly connected to sensory TS fibers (Accorsi-Mendonca et al. 2011; Hisadome et al. 2010; Jin and Andresen 2011; Kline et al. 2010; Laaris and Weinreich 2007; Miles 1986) . The paired-pulse ratio (PPR) of two consecutive TS-EPSCs was determined from the ratio of the amplitude of the second TS-EPSC to the first TS-EPSC (TS-EPSC2/TS-EPSC1; Kline et al. 2002) . The failure rate was the percentage of TS stimulations that failed to evoke an EPSC response determined from 30 current sweeps. mEPSCs were discriminated from noise by thresholding events 2.5 times above the root mean square value of noise. The magnitude of change in EPSC amplitude to a given pharmacological agent is also reported as percentage of baseline control, given as 100%. Statistical analyses were performed with Microsoft Excel or SigmaPlot 11 (Systat). EPSC peak amplitude (pA), instantaneous frequency (Hz), percent failure, holding currents, PPR, TS-EPSC decay time (tau, 90 -10% , ms), membrane potential, and input resistance in control and drug periods were all compared by a paired t-test. EPSC amplitude and its alteration from the first event during 20-Hz stimulation between control and drug periods were tested with two-way repeatedmeasures ANOVA. Data are presented as means Ϯ SE. P values Ͻ 0.05 were considered significant.
RESULTS

5-HT 2C
receptors are located in the medial and commissural nTS. We examined the presence of mRNA for the 5-HT 2C R subtype in the caudal (medial and commissural) nTS and NPG, location of visceral afferent cell bodies that project to the caudal nTS. Across the animals tested, real-time RT-PCR demonstrated 5-HT 2C R mRNA (206 bp) in the caudal nTS, with reduced message in the NPG (Fig. 1A) . When normalized to the housekeeping gene ␤-actin, relative 5-HT 2C R mRNA was 25-fold greater in the caudal nTS compared with the NPG ( Fig. 1B ; P Ͻ 0.05, n ϭ 6). These results suggest a potential prominent role for 5-HT 2C R produced in the nTS rather than NPG.
The presence and distribution of 5-HT 2C R protein within caudal (medial and commissural) nTS tissue were explored. Baroreceptor and chemoreceptor afferents terminate in these nTS subnuclei and were the focus of our electrophysiological studies. Immunoblot analysis of 5-HT 2C R from whole brain stem tissue demonstrated a single band at the appropriate size (ϳ52 kDa), confirming primary antibody specificity (Fig. 1C ). Immunohistochemistry demonstrated the presence of 5-HT 2C R immunoreactivity (IR) throughout the medial and commissural nTS ( Fig. 1D ). Furthermore, preabsorption of the antibody with the 5-HT 2C R peptide reduced or eliminated immunoreactivity ( Fig. 1E ), which was similar to that of negative controls (no primary antibody; Fig. 1F ). These data demonstrate antibody specificity and 5-HT 2C R localization to the nTS.
Cellular localization of 5-HT 2C R-IR was examined, in part, through coexamination of its IR with several additional neuronal markers. Dendrites were labeled with MAP-2 and presynaptic terminals with synaptophysin. 5-HT 2C R-IR was often observed as long fiberlike processes and in complexes with MAP-2 and synaptophysin. As shown in Fig. 2A , 5-HT 2C R-IR was associated with MAP-2 and apposed by presynaptic terminals identified by synaptophysin. 5-HT 2C R-IR was observed occasionally along the soma membrane (not shown). PSD-95, a postsynaptic protein responsible for anchoring of glutamate receptors to the synaptic membrane, also exhibited colabeling with 5-HT 2C R-IR in the nTS, especially along fibers ( Fig. 2B) . 5-HT 2C R-IR tended to be apposed to TPH, the rate-limiting enzyme for serotonin production (Fig. 2C ). Together, these data demonstrate that 5-HT 2C Rs are localized in the nTS and suggest that at the confocal level they are found postsynaptically. Electrophysiology was performed to confirm the synaptic location.
Role of 5-HT 2C receptors in monosynaptic nTS neurons. Electrophysiology in horizontal brain stem slices was performed to confirm 5-HT 2C R synaptic localization and examine its potential function. Cells were recorded from the medial and commissural nTS. Stimulation of the TS evoked invariant EPSCs with a latency of 4.8 Ϯ 0.2 ms and a standard deviation of latency (jitter) of 176 Ϯ 9.9 s (n ϭ 48). These results are consistent with the recording of monosynaptic nTS neurons, i.e., those that form a direct synapse with afferent fibers in the TS. Overall, across the cells studied, TS-EPSC amplitude averaged 134.2 Ϯ 13.7 pA (n ϭ 48). We subsequently examined how activation and blockade of 5-HT 2C Rs affect EPSCs in these cells.
Activation of 5-HT 2C receptors augments TS-EPSCs. The role of 5-HT 2C Rs in TS-evoked synaptic transmission was tested by application of the specific 5-HT 2C R agonist CP809101. As demonstrated in the representative traces in Fig. 3A , 5-HT 2C R activation by CP809101 (50 M) increased the amplitude of TS-EPSCs evoked at 0.5 Hz (30 sweeps, averaged) from baseline aCSF control. TS-EPSC amplitude increased from 104.2 Ϯ 18.7 pA (baseline control) to 137.1 Ϯ 21.5 pA with 50 M CP809101 (P Ͻ 0.05, n ϭ 7; Fig. 3B ), an augmentation to 132.2 Ϯ 13.6% of baseline control. With washout of CP809101, TS-EPSC amplitude was 146.0 Ϯ 51.2 pA. On the other hand, 1 and 10 M CP809101 did not significantly alter TS-EPSC amplitude [1 M (n ϭ 5) control 101.4 Ϯ 24.9 pA vs. CP809101 97.1 Ϯ 23.5 pA and 10 M (n ϭ 5) control 109.8 Ϯ 31.8 pA vs. CP809101 127.9 Ϯ 19.8 pA]. Therefore, 50 M was used for the remainder of the protocols.
To further define the role of 5-HT 2C R activation on synaptic currents and to mimic sustained increases in in vivo sensory afferent activity to the nTS, stimulation frequency of the TS was increased to 20 Hz (20 events). As is typical of the first synapse of the nTS, during baseline control (aCSF) repeated TS stimulation progressively reduced synaptic current amplitude following the first event (use-dependent depression; Fig.  3C , example shown in inset). Bath application of 50 M CP809101 increased the amplitude of the first TS-EPSC ( Fig.  3C ; n ϭ 7, P Ͻ 0.05) but not subsequent events. The relative magnitude of use-dependent depression following the first TS-EPSC, a measure sensitive to changes in presynaptic neurotransmitter release properties, was not altered by CP809101 compared with control ( Fig. 3D ; n ϭ 7). In addition, the ratio of TS-EPSC2 to TS-EPSC1 (PPR), another indicator of alterations in presynaptic release or postsynaptic receptor properties, was not altered by CP809101 (control 0.67 Ϯ 0.12 vs. CP809101 0.61 Ϯ 0.08, n ϭ 7).
To further define the synaptic locus of 5-HT 2C R actions, we examined the effects of CP809101 (50 M) on exogenous AMPA-induced currents. A representative example of the effect of CP809101 on AMPA-induced currents is shown in Fig. 3E . Brief application of AMPA (1 mM, 50 ms) induced inward current averaging 149 Ϯ 48 pA (n ϭ 4). CP809101 significantly increased the relative amplitude of AMPA currents to 108.9 Ϯ 2.4% of control (P ϭ 0.035, n ϭ 4). Compared with control, CP809101 did not alter TS-EPSC decay time constant (control 3.9 Ϯ 0.5 ms vs. CP809101 6.5 Ϯ 3.7 ms), holding currents (control Ϫ5.1 Ϯ 12.4 pA vs. CP809101 Ϫ21.3 Ϯ 11.1 pA), or failure rate (control 0.5 Ϯ 0.5% vs. CP809101 1.4 Ϯ 1.0%). However, CP809101 increased input resistance ( Fig. 3F ; n ϭ 7, P Ͻ 0.05) and, under current clamp conditions (I ϭ 0), depolarized the membrane ( Fig. 3G ; n ϭ 7, P Ͻ 0.05).
5-HT 2C receptors augment TS-EPSCs independent of GABA A receptor signaling.
To examine the possibility that activation of 5-HT 2C Rs alters synaptic transmission, membrane conductance, or holding currents in nTS by altering GABAergic signaling, we examined these parameters in the presence of the GABA A receptor antagonist gabazine (25 M) and CP809101 (50 M). Figure 4A is an example of the effect of CP809101 on TS-EPSCs in the presence of gabazine. In the company of gabazine, CP809101 increased TS-EPSC amplitude from 134.9 Ϯ 26.5 pA (baseline gabazine control) to 159.6 Ϯ 28.2 pA (P ϭ 0.024, n ϭ 6; Fig. 4B ), an increase to 123.3 Ϯ 7.9% of gabazine alone. A representative time course for the effect of CP809101 is shown in Fig. 4C . In addition, input resistance increased from 714.7 Ϯ 135.6 M⍀ (gabazine control) to 854.4 Ϯ 178.4 M⍀ (gabazine ϩ CP809101; P ϭ 0.033, n ϭ 7). Holding currents were not altered by CP809101
in the presence of gabazine (gabazine control Ϫ37.5 Ϯ 17.6 mV vs. gabazine ϩ CP809101 Ϫ36.3 Ϯ 13.7 mV). These data indicate that the alteration in TS-EPSC amplitude or input resistance observed in the presence of 5-HT 2C R activation cannot be explained solely by shifts in GABAergic transmission.
5-HT 2C receptor activation and miniature EPSCs. To identify a possible pre-or postsynaptic locus of 5-HT 2C R's role in neurotransmission, mEPSCs were examined. Tetrodotoxin (1 M) and gabazine (25 M) were added to the aCSF to block action potentials and GABA A receptor-mediated inhibitory currents, respectively. After bath application of CP809101 ( Fig. 5A ), there was a small but nonsignificant increase in mEPSC amplitude across the neurons studied (control 18.3 Ϯ 2.2 pA vs. CP809101 20.8 Ϯ 2.3, n ϭ 12, P ϭ 0.14; Fig. 5B ). During washout, mEPSC amplitude was 18.6 Ϯ 1.8 pA. In the presence of CP809101, the frequency of mEPSC was not altered (control 14.9 Ϯ 2.1 Hz vs. CP809101 15.0 Ϯ 2.2 Hz, n ϭ 12, P ϭ 0.95; Fig. 5C ). During washout, mEPSC frequency was 13.9 Ϯ 2.3 Hz.
Activation of 5-HT 2C R reduces K ϩ currents. Activation of 5-HT 2C R may alter TS-EPSCs, depolarize membrane potential, and increase input resistance by modulation of one or more ion channels. One possibility includes reduction in G protein- coupled potassium currents, in particular G protein inwardrectifying potassium (GIRK) channels that have been suggested to be modulated by 5-HT 2C R (Qui et al. 2007 ). We explored this possibility by monitoring holding current during voltage ramps from Ϫ110 to Ϫ40 mV over 200 ms during control and 5-HT 2C R activation by CP809101 (50 M). An example of one cell is shown in Fig. 6A . Slope conductance during baseline control was 1.10 Ϯ 0.29 pA/mV, which was significantly reduced by CP809101 to 0.88 Ϯ 0.21 pA/mV (P ϭ 0.031, n ϭ 7, a significant reduction to 83.0 Ϯ 5.3% of control). The reversal potential of this CP809101-sensitive current was Ϫ91.70 Ϯ 6.7 mV (n ϭ 7; an example is shown in Fig. 6B ), close to the calculated K ϩ equilibrium potential in our slice preparation (Ϫ99 mV).
Inward-rectifying potassium currents, including those sensitive to 5-HT, are blocked by low concentrations of barium (Bayliss et al. 1997) . In a separate group of neurons, we tested whether the CP809101-sensitive current could be blocked by pretreatment with barium (100 M, n ϭ 4). An example of the reduction in slope conductance by barium is shown in Fig. 6C . This barium-sensitive current reversed at Ϫ90.29 Ϯ 1.8 mV, close to our calculated K ϩ equilibrium potential and not significantly different from the reversal potential for the CPsensitive current (P ϭ 0.87, barium-sensitive vs. CP809101sensitive current). Bath application of CP809101 in the presence of barium did not further alter slope conductance compared with barium alone (barium 0.46 Ϯ 0.07 pA/mV vs. CP809101 0.44 Ϯ 0.07 pA/mV, P ϭ 0.11). A representative . C: TS stimulation at 20 Hz produced use-dependent depression ({), which was maintained after CP809101 (, n ϭ 7). An example of the observed use-dependent depression is shown in inset. There was an increase in event 1 amplitude with CP809101 (P Ͻ 0.05) but no change in amplitude of subsequent events. D: relative magnitude of EPSC depression from the 1st event (plotted as 1). E: brief application of AMPA (1 mM, 50 ms) evoked inward currents that were increased by CP809101. Downward arrowhead depicts application of AMPA. F and G: 5-HT 2C R activation with CP809101 (n ϭ 7) increased input resistance (F) and depolarized membrane potential (G). *P Ͻ 0.05.
example of the lack of effect of CP809101 on conductance in the presence of barium is shown in Fig. 6C , with subtracted currents shown in Fig. 6D . In the presence of barium, CP809101 did not increase input resistance measured between Ϫ60 and Ϫ65 mV (Fig. 6E ) or TS-EPSC amplitude (Fig. 6F ). Taken together, these data suggest that the CP809101-sensitive current is predominantly carried by a barium-sensitive K ϩ current.
Blockade of 5-HT 2C receptors attenuates agonist-induced increases in TS-EPSCs. We examined whether the synaptic and membrane actions of the 5-HT 2C R agonist CP809101 could be attenuated or eliminated by preblockade of 5-HT 2C R with the antagonist RS102221. Prior application of RS102221 (100 M, 60 s) eliminated the increase in synaptic currents and membrane actions of CP809101 [50 M, 5 min, in the presence of RS102221 (100 M), n ϭ 6]. Compared with baseline control, CP809101 in the presence of RS102221 (CP ϩ RS) did not alter TS-EPSCs evoked at 0.5 Hz (control 235.3 Ϯ 77.8 pA vs. CP ϩ RS 213.6 Ϯ 76.4 pA), holding currents (control 5.7 Ϯ 23.5 pA vs. CP ϩ RS Ϫ5.8 Ϯ 25.6 pA), and input resistance (control 641.8 Ϯ 127.7 M⍀ vs. CP ϩ RS 606.9 Ϯ 126.0 M⍀). Likewise, there was no significant change with CP ϩ RS from control in TS-EPSCs during a 20-Hz stimulus train, including the overall EPSC amplitude and the magnitude of synaptic depression (data not shown). Taken together, these results demonstrating that CP809101 actions are blocked by RS102221 suggest that its actions occur through the 5-HT 2C R.
Blockade of 5-HT 2C receptors reduces TS-EPSCs. 5-HT 2 receptors may exhibit tonic activity (Aloyo et al. 2009; Roth et al. 1998 ). To determine whether 5-HT 2C Rs have a basal tonic level of activation in the nTS slice, we bath applied the 5-HT 2C R antagonist RS102221 alone and recorded synaptic currents. As shown in the representative traces in Fig. 7A , 5-HT 2C R blockade with RS102221 reduced TS-EPSC amplitude evoked at 0.5 Hz (30 sweeps, averaged) from aCSF control. Quantitatively, bath application of RS102221 significantly reduced TS-EPSC current amplitude ( Fig. 7B ; n ϭ 9, P Ͻ 0.05) to 82.7 Ϯ 6.9% of baseline control. When stimulation frequency was increased to 20 Hz, use-dependent depression was observed during control aCSF (Fig. 7C) . 5-HT 2C R blockade with RS102221 reduced the overall TS-EPSC amplitude ( Fig. 7C ; P Ͻ 0.05, n ϭ 9). There was, however, no alteration in the relative magnitude of synaptic depression from the first event ( Fig. 7D ; n ϭ 9) or PPR (control 0.52 Ϯ 0.07 vs. RS102221 0.47 Ϯ 0.08, n ϭ 9).
Compared with control, RS102221 did not alter TS-EPSC decay time constant (control 5.1 Ϯ 1.1 ms vs. RS102221 5.8 Ϯ 2.2 ms), holding currents (control Ϫ21.4 Ϯ 6.1 pA vs. RS102221 Ϫ23.7 Ϯ 10.0 pA), or failure rate (control 2.5 Ϯ 1.5% vs. RS102221 5.0 Ϯ 3.1%). However, RS102221 decreased input resistance ( Fig. 7E ; n ϭ 9, P Ͻ 0.05) and, under current-clamp conditions (I ϭ 0), hyperpolarized the membrane ( Fig. 7F ; n ϭ 9, P Ͻ 0.05).
Blockade of 5-HT 2C receptors reduces mEPSC amplitude. mEPSCs were recorded to define the site of action of the decrease in EPSC amplitude by 5-HT 2C R blockade. As demonstrated in the representative traces in Fig. 8A, RS102221 reduced the amplitude of miniature synaptic currents but had little effect on their frequency compared with aCSF control. Quantitatively, RS102221 reduced the amplitude of mEPSCs (control 19.8 Ϯ 2.9 pA vs. RS102221 15.2 Ϯ 2.4 pA; Fig. 8B ; n ϭ 6, P Ͻ 0.05). During washout, mEPSC amplitude was 13.6 Ϯ 2.6 pA. By contrast, RS102221 did not alter mEPSC frequency (control 15.7 Ϯ 3.1 Hz vs. RS102221 15.6 Ϯ 2.9 Hz; Fig. 8C; n ϭ 6) . During washout, mEPSC frequency was 16.9 Ϯ 2.5 Hz.
5-HT 2C receptors modulate synaptic transmission in the chemoafferent-nTS pathway. In a subset of animals, we examined whether 5-HT 2C Rs modulate synaptic transmission in nTS cells that receive afferents from the carotid body chemoreceptors. Labeling of the carotid body with DiI prior to slice generation produced fluorescent terminals throughout the medial and commissural nTS, as previously described (Kline et al. 2002 (Kline et al. , 2010 and consistent with carotid body terminals in the nTS (Finley and Katz 1992) . These chemosensory-rich, DiIlabeled afferents were in close apposition to nTS cells and identified neurons that received monosynaptic projections from afferent fibers (Fig. 9A) . As in the general population, stimulation of the TS evoked invariant EPSCs in nTS cells directly apposed to DiI-labeled chemoafferents. Overall, DiI-labeled cells (n ϭ 13) had a latency of 6.0 Ϯ 0.9 ms and jitter of 181 Ϯ 20.8 s, suggesting they are monosynaptic (Fig. 9B , Fig. 6 . Activation of 5-HT 2C R inhibits potassium currents. To better characterize the ionic basis of CP809101 on membrane properties, a depolarizing ramp protocol (Ϫ110 to Ϫ40 mV, 200 ms; A and C, top) was performed and membrane currents were recorded. A: compared with control (black trace), CP809101 (dark gray trace) decreased slope conductance which reversed at ϳ90 mV. B: the subtracted CP809101-sensitive curve reverses near the K ϩ equilibrium potential. C: barium (light gray trace) alone decreased membrane conductance from control (black traces). Barium also prevented the change in slope conductance by CP809101 (dark gray trace). D: the subtracted barium-sensitive current reversed ϳ90 mV, while the CP-sensitive current was eliminated in barium. E and F: barium prevented the CP809101-induced alterations in input resistance (E; from Ϫ60 mV to Ϫ65 mV) and TS-EPSCs (F; 0.5 Hz).
inset). Comparing DiI-labeled to unlabeled nTS neurons, synaptic latency and jitter were comparable (P Ͼ 0.05 for both). However, TS-EPSC amplitude from DiI-labeled neurons averaged 80.2 Ϯ 13.3 pA (n ϭ 13), which was significantly smaller than that from unlabeled neurons (DiI-labeled vs. unlabeled 134.2 Ϯ 13.7 pA, n ϭ 48, P Ͻ 0.05). Activation of 5-HT 2C R with 50 M CP809101, which produced significant and robust changes in TS-EPSCs in unlabeled neurons (see Fig. 3 ), did not increase TS-EPSC amplitude evoked at 0.5 Hz in DiI-labeled cells (control 67.8 Ϯ 9.4 pA vs. CP809101 73.2 Ϯ 13.5 pA; Fig. 9B ; n ϭ 6, 105.3 Ϯ 0.2% of baseline control; wash 46.6 Ϯ 18.6 pA). Moreover, in these DiI-labeled cells CP809101 did not alter EPSC amplitude at 20 Hz (20 events), the relative magnitude of synaptic depression (data not shown), or the PPR (control 0.39 Ϯ 0.1 vs. CP809101 0.55 Ϯ 0.05, n ϭ 6). Compared with aCSF, no alteration to TS-EPSC decay time constant (3.9 Ϯ 0.9 vs.
3.1 Ϯ 0.5 ms), holding currents (18.8 Ϯ 23.1 vs. 3.2 Ϯ 20.4 pA), or percent failure rate (4.2 Ϯ 2.5% vs. 1.7 Ϯ 1.7%) was observed with CP809101, respectively. Exogenous 5-HT 2C R activation also did not alter input resistance (control 404.1 Ϯ 52.4 M⍀ vs. CP809101 503.1 Ϯ 86.8 M⍀, n ϭ 6). There was, however, a significant depolarization of the membrane (I ϭ 0; control Ϫ63.2 Ϯ 5.3 mV vs. CP809101 Ϫ53.5 Ϯ 5.2 mV, n ϭ 6, P Ͻ 0.05).
We also examined the potential tonic activation of endogenous 5-HT 2C R in DiI carotid body-labeled nTS cells (n ϭ 7). This again was tested through application of the 5-HT 2C R antagonist RS102221 (100 M), which produced robust decreases in synaptic activity in unlabeled cells (see Fig. 7 ). RS102221 significantly reduced TS-EPSC amplitude evoked at 0.5 Hz from baseline control (control 90.9 Ϯ 23.5 pA vs. RS102221 59.6 Ϯ 13.8 pA; Fig. 9C ; n ϭ 7, P Ͻ 0.05; wash 41.9 Ϯ 12.3 pA). Overall, RS decreased TS-EPSC amplitude to 72.9 Ϯ 9.1% of control. When stimulation frequency was increased to 20 Hz, 5-HT 2C R blockade with RS10221 reduced the amplitude of the first three TS-EPSCs but not subsequent events, yet did not alter the relative magnitude of synaptic depression (data not shown) or the PPR (control 0.32 Ϯ 0.06 vs. RS102221 0.64 Ϯ 0.15, n ϭ 7). Compared with control, no changes to TS-EPSC decay time constant (3.4 Ϯ 0.8 vs. 4.1 Ϯ 1.6 ms), holding currents (Ϫ7.4 Ϯ 2.9 vs. Ϫ16.3 Ϯ 7.1 pA), or percent failure rate (11.4 Ϯ 5.3% vs. 11.4 Ϯ 4.5%) were observed in DiI-labeled cells with RS102221. RS102221 also did not alter input resistance (control 811.9 Ϯ 257.3 M⍀ vs. RS102221 571.1 Ϯ 107.2 M⍀, n ϭ 7) or membrane potential (I ϭ 0; control Ϫ57.1 Ϯ 3.6 mV vs. RS102221 Ϫ58.0 Ϯ 3.0 mV, n ϭ 7).
DISCUSSION
In the present study, we demonstrate that 5-HT 2C Rs are present in the nTS. Activation of 5-HT 2C Rs augments excitatory synaptic transmission, whereas blockade of 5-HT 2C Rs decreases synaptic currents. Blockade of 5-HT 2C Rs in the carotid body afferent-nTS pathway also reduced synaptic amplitude, suggesting that 5-HT 2C Rs also function in the chemoafferent-nTS circuit. These data are consistent with a tonic role of 5-HT 2C Rs in the nTS. Modulation of synaptic currents by 5-HT 2C Rs occurs primarily through postsynaptic mechanisms.
The nTS contains a dense network of 5-HT fibers and a multitude of 5-HT receptors. The demonstration that 5-HT 2C Rs are present and functional in the nTS is consistent with reports detailing 5-HT 2C R message (Fonseca et al. 2001 ) and physiological relevance (Jordan 2005) in this nucleus. We extended these studies to show that 5-HT 2C R-IR was found in fiberlike processes associated with MAP-2-labeled dendrites and PSD-95 in the nTS. This is consistent with previous reports demonstrating that 5-HT 2 receptors colabel with MAP-1A in the cortex (Cornea-Herbert et al. 2002) and PSD-95 in other central nuclei (Abbas et al. 2009; Anastasio et al. 2010) . By contrast, 5-HT 2C R-IR did not colabel with synaptophysin-or TPH-labeled synaptic terminals, suggesting that 5-HT 2C Rs are not located in presynaptic terminals, including the terminals of raphé neurons that project to the nTS. The greater relative expression of 5-HT 2C R message in the nTS compared with that of NPG would further suggest a propensity of 5-HT 2C Rs to modulate postsynaptic nTS activity through its production in this nucleus rather than afferent neurotransmitter release. Future electron microscopy studies are required to fully identify 5-HT 2C R synaptic location in nTS. Overall, we interpret these finding that 5-HT 2C Rs are localized, although perhaps not exclusively, to the postsynaptic membrane of nTS cells. Activation of 5-HT 2C Rs in the nTS augmented the amplitude of TS-evoked EPSCs and AMPA-induced inward currents, increased input resistance, and depolarized membrane potential indicative of postsynaptic alterations. Conversely, there was no change in the PPR, use-dependent depression, or failure rate, presynaptic neurotransmitter release properties that were not altered by 5-HT 2C R activation. Together, these data are indicative of a postsynaptic mechanism of action that occurs through non-NMDA receptors, results that were supported by our immunohistochemical observations. Our results also support studies from other central nuclei that 5-HT 2C Rs augment excitatory synaptic transmission via postsynaptic mechanisms (Bonsi et al. 2007; Di Giovanni et al. 2001; Rick et al. 1995 ). An excitatory role for 5-HT 2C Rs was also observed in 5-HT 2C R knockout mice, which exhibit impaired hippocampal long-term potentiation (Tecott et al. 1998) . Overall, 5-HT 2C Rs in the nTS enhance synaptic transmission through postsynaptic mechanisms.
In contrast to their activation, blockade of 5-HT 2C Rs decreased TS-EPSC and mEPSC amplitude, reduced input resistance, and hyperpolarized the membrane. The changes in the above parameters to 5-HT 2C R blockade suggest that its effects occur primarily by postsynaptic mechanisms, similar to those of receptor activation. This is further supported by the lack of alteration in failure rate, PPR, and use-dependent depression. The alterations in synaptic parameters to 5-HT 2C R blockade further indicate that these receptors may be tonically active in the nTS. Tonic, constitutive activity has been observed in several G protein-coupled receptors, including the 5-HT 2A and 5-HT 2C receptors (Aloyo et al. 2009; Roth et al. 1998 ). This tonic activation of 5-HT 2C Rs may also underlie the modest effect of 5-HT 2C R activation on mEPSC amplitude. Whether 5-HT 2C Rs are near saturation or the downstream pathways responsible for their effect are constitutively activated requires further study. Nevertheless, 5-HT 2C R activation enhanced TS-EPSC and AMPA-induced inward current amplitude to indicate that not all receptors are fully saturated or activated. Tonic activity of 5-HT 2 receptors has been demonstrated in behavioral studies, associative learning and many central nuclei (see Aloyo et al. 2009 ), including the nTS (Raul 2003) .
Several mechanisms may play a role in 5-HT 2C R modulation of glutamatergic synaptic transmission in nTS. Activation of 5-HT 2C R may inhibit GABAergic transmission, resulting in synaptic disinhibition and increased glutamatergic signaling. However, blockade of GABA A receptors with gabazine did not alter agonist-induced augmentation in TS-EPSC amplitude or input resistance. Furthermore, blockade of 5-HT 2C Rs modulated mEPSC amplitude in the presence of gabazine. Cells were also held near the reversal potential for chloride, minimizing GABA's influence on EPSCs. Thus 5-HT 2C R may modulate glutamatergic neurotransmission independent of GABA in the nTS. It is likely that 5-HT 2C Rs modulate glutamatergic signaling via its downstream pathways. 5-HT 2C Rs activate, through G protein-coupled proteins, phospholipase C (PLC), and protein kinase C, to subsequently alter downstream pathways and synaptic signaling (Raymond et al. 2006) , including glutamatergic signaling (Bonsi et al. 2007; Di Giovanni et al. 2001; Rick et al. 1995) . 5-HT 2C Rs have also been shown to interact with PSD-95, an essential regulator of ionotropic glutamatergic signaling (Anastasio et al. 2010) , and knockout of PSD-95 in mice severely reduces 5-HT 2C R targeting, expression, and signaling (Abbas et al. 2009 ). Our results illustrating that 5-HT 2C R colabeled with PSD-95 and altered EPSCs support a role for 5-HT 2C Rs in modulating glutamatergic signaling through their action at the postsynaptic cell.
Additional postsynaptic events may be superimposed on alterations in glutamatergic transmission, as evidenced by changes in input resistance and membrane potential by 5-HT 2C R activation and blockade. 5-HT 2C Rs may modulate one or more ion channels in the postsynaptic membrane, including GIRK channels. Interestingly, these channels are inhibited by 5-HT 2C Rs via a PLC mechanism in hypothalamic proopiomelanocortin neurons (Qui et al. 2007) . Our data demonstrating that 5-HT 2C R activation decreases slope conductance of membrane currents between Ϫ110 and Ϫ40 mV, with a CP809101-sensitive current that reverses near the reversal potential of potassium, are consistent with the closing of a potassium channel. Moreover, the effects of CP809101 on slope conductance and agonist-sensitive current are blocked by barium, which at the present concentration inhibits inwardrectifying potassium channels (Bayliss et al. 1997) . Together, these data are consistent with the studies of Qui et al. (2007) showing that GIRK channels are inhibited by 5-HT 2C R. Barium also blocked the CP809101-induced changes in input resistance and TS-EPSCs, suggesting a potential common mechanism. These results are consistent with inward-rectifying channels in other systems modulating membrane properties and synaptic transmission through postsynaptic mechanisms (John and Manchanda 2011; Luscher et al. 1997; Podda et al. 2010; Takigawa and Alzheimer 2002) . Thus 5-HT 2C Rs likely modulate postsynaptic properties, in part though modulation of inward-rectifying potassium channels.
Our data are in contrast to others that suggest that 5-HT 2 receptors inhibit nTS synaptic activity (Feldman 1995; Sevoz-Couche et al. 2000b; Takenaka et al. 2011 ). Takenaka et al. (2011 demonstrated a reduction in TS-EPSC amplitude by ␣-methyl 5-HT, a purported 5-HT 2 receptor agonist, that was abolished by the general 5-HT 2 receptor antagonist ketanserin. These studies suggested a presynaptic mechanism of action, while our data demonstrate that location and activity of 5-HT 2C R in the nTS are postsynaptic. The difference in the studies may result from the pharmacological agents used. For instance, in the rat, ␣-methyl 5-HT binds to 5-HT 2B receptors with the highest affinity, but also 5-HT 2A , 5-HT 4 , and 5-HT 6 receptors (Sharman et al. 2011) . Likewise, ketanserin blocks 5-HT 2A with high affinity, but also 5-HT 7 and 5-HT 2B receptors (Sharman et al. 2011) . Given that 5-HT 2A , 5-HT 4 , and 5-HT 7 receptors are functionally present in the nTS (Edwards and Paton 1999; Oskutyte et al. 2009; Sevoz-Couche et al. 2000c) , they may also play a role in previously observed synaptic responses. The difference between our study and the study of Sevoz-Couche et al. (2000b) that demonstrated an inhibitory role of 5-HT 2C R in vivo may be due to not only the agonists used but also the preparation. This may include not only influences from an intact GABAergic system, among others, but also influences from other nTS cells or central nuclei. However, more studies are required to fully discern that information. In the present study, we utilized an agonist and antagonist that to date are only known to affect 5-HT 2 recep-tors, with the most potent response directed to the 5-HT 2C Rs. Our results demonstrating the effects of the 5-HT 2C R agonist are blocked by the antagonist further suggest that they both work through the 5-HT 2C R.
We also examined the role of 5-HT 2C Rs in modulating synaptic transmission between carotid body chemoafferents and second-order nTS cells. We reasoned that 5-HT 2C Rs may play a role in the chemoafferent-nTS pathway based on 5-HT's role in mediating carotid body sensory activity, breathing, and central respiratory activity (Cayetanot et al. 2001; Hodges and Richerson 2008; Prabhakar 2011; Sessle and Henry 1985) . Results demonstrated that TS-EPSC amplitude in chemosensory-rich (DiI) nTS neurons was reduced compared with general unlabeled visceral neurons. The intrinsic properties of the chemoafferent fibers likely contribute to their reduced EPSC amplitude. In particular, EPSC amplitude in the nTS is lower in synapses innervated by C-type fibers compared with A-type fibers (Andresen and Peters 2008) . Given that carotid body chemosensory afferents are made up of 80 -85% unmyelinated C-fibers (McDonald 1983) , it is not surprising that EPSC amplitude derived from activation of this chemosensory-rich population may be reduced compared with other afferents including A-type and other lightly myelinated afferents. Interestingly, 5-HT 2C Rs also modulate synaptic activity in the chemosensory-nTS circuit. While activation and blockade of 5-HT 2C Rs in general visceral unlabeled afferents modulated TS-EPSCs, in chemoafferent-rich nTS neurons only blockade of 5-HT 2C R modified TS-EPSC amplitude. This may indicate a tonic activation of 5-HT 2C Rs in the chemoafferent-nTS synapse, as in the general population. Furthermore, these chemoafferent-nTS synapses may be near saturation, as TS-EPSCs were not further increased upon administration of the receptor agonist. Thus one likely site of 5-HT 2C R modulation of the cardiorespiratory system is the initial chemoafferent-nTS synapse.
5-HT is an important neuromodulator in many physiological processes, including in the autonomic control of heart rate and blood pressure, respiration, and gastrointestinal systems (Crowell and Wessinger 2007; Hodges and Richerson 2008; Ramage 2001) , as well as responses to their perturbations, such as hemorrhage (Kung and Scrogin 2011) . The nTS is the central site for the processing and modulation of the cardiovascular, respiratory, and gastroesophagointestinal systems and recently has been postulated to be involved in coordinated, integrated control of these vital systems (Dean 2011). In the nTS, 5-HT 2 receptors modulate blood pressure and heart rate, with activation of 5-HT 2C Rs inducing bradycardia (Raul 2003) . These 5-HT 2 -mediated cardiovascular effects may be tonic at rest, as lesion of 5-HT neurons in the nodose ganglia raises blood pressure and heart rate. In vivo work has suggested that 5-HT 2 receptors are located postsynaptic to vagal afferents (Merahi et al. 1992) , and our study is consistent with this conclusion. Systemic injection of 5HT 2A/2C agonists decreases respiration and induces Fos, a neuronal activation marker, in the nTS (Cayetanot et al. 2001 ). Furthermore, application of 5-HT 2C R agonists to the 4th ventricle decreases respiratory-like burst frequency in newborn pups (Khater-Boidin et al. 1999) . Projections from nTS to medullary respiratory centers, including expiratory nuclei, have been identified in the rat (Alheid et al. 2011; Nunez-Abades et al. 1993 ). In the nearby dorsal motor nucleus of the vagus, 5-HT 2 receptors modulate synaptic transmission in neurons that project to the stomach and gut (Browning and Travagli 1999) , with part of their actions likely occurring in the nTS. While the projection site(s) of the presently recorded nTS neurons is not known, our results would suggest that 5-HT 2C R plays an important role in the integrated cardiorespiratory and/or gastroesophagointestinal system via, in part, its actions in the nTS. The general excitatory role of 5-HT 2C R in the nTS may serve to augment the gain of a particular glutamatergic synapse, such as those involved in the baroreflex to induce bradycardia. Moreover, its tonic activation may also allow greater control of synaptic signaling, enabling the fine-tuning of incoming reflex information. Overall, the synaptic and intrinsic properties of 5-HT 2C Rs in the nTS likely influence reflex regulation.
